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INTRODUCTION 

A  remarkable  property  of  many  mammalian  tissues  is  the  ability  to 
compensate  for  a  loss  in  functional  tissue  mass.  Regeneration  of  the 
liver  following  partial  hepatectomy  compensatory  renal  hypertro- 

1  i  CO 

phy  after  unilateral  nephrectomy,  *  and  gastrointestinal  adaptation 
after  resection  or  bypass^ are  examples  of  such  phenomena 
and  are  well  known  to  surgeons  and  students  of  organ  system  regulation. 
Interest  in  gastrointestinal  adaptation,  in  particular,  has  risen  con¬ 
comitantly  with  the  popularity  of  metabolic  intestinal  surgery  for  mor¬ 
bid  obesity  and  hypercholesterolemia.  Also,  with  the  recent  develop¬ 
ment  of  total  parenteral  nutrition,  many  partially  enterectomized  pa¬ 
tients  are  surviving  long  enough  for  compensatory  changes  to  develop 
in  the  remnant  bowel;  the  adaptive  capacity  of  the  gut  has  thus  become 
increasingly  evident  to  the  clinician  and  has  encouraged  study  of  the 
regulation  of  this  organ's  structure  and  function. 

79 

Knowledge  of  these  adaptive  phenomena  is  not  new.  Senn  in  1888 
33 

and  Flint  in  1912  were  among  the  first  to  appreciate  that  morphologi¬ 
cal  and  functional  adaptation  occur  after  small  bowel  resection  in  man 
and  animals.  Flint  described  the  elongation  of  villi  in  partially  en¬ 
terectomized  dogs  and  proposed  that  functional  restitution  was  based 
on  this  compensatory  increase  in  surface  area.  An  alternate  theory, 
offered  by  Wildegans"^  in  1925,  held  that  increased  individual  cell 
function  was  responsible  for  the  compensation.  Much  research  has  since 
been  addressed  to  the  debate  initiated  by  these  two  men  and  yet  the  mat¬ 
ter  of  "hypertrophy  versus  hyperplasia"  remains  unsettled.  It  has  be¬ 
come  clear,  however,  that  these  two  growth  patterns  are  not  mutually 
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exclusive  and  since  epithelial  hyperplasia  has  been  clearly  documented 
in  compensatory  hypertrophy  of  tne  gut,  the  issue  nas  be¬ 

come  whether  or  not  cellular  hypertrophy  also  contributes  to  functional 
adaptati on. 

Lest  this  subject  be  dismissed  as  one  of  interest  only  to  the  gen¬ 
eral  surgeon  treating  short  gut  syndrome  patients,  it  is  worth  remem¬ 
bering  that  the  gut  is  normally  a  dynamic  structure;  it  adapts  not  on- 

30  31 

ly  after  resection,  but  also  during  pregnancy,  lactation,  dietary 
25  1516 

changes,  and  fasting.  5  Furthermore,  it  plays  an  important  role 

in  the  pathophysiology  of  such  diverse  diseases  as  hypothalamic  hyper- 

phagia,8  diabetes  mellitus,89  and  hemochromatosis.83  Indeed,  villus 

changes  have  been  observed  in  most  of  these  conditions.  When  examined 

at  the  molecular  level,  the  adaptive  potential  of  the  gut  is  even  more 

impressive;  the  enzymatic  activity  of  the  epithelium  is  modulated  by 

a  wide  variety  of  endogenous  and  exogenous  factors  related  to  normal 

53  54 

homeostatic  function.  *  The  conclusion  must  be  that  the  gut  is  a 
dynamic  metabolic  organ. 

Therefore,  the  adaptive  processes  which  are  the  subject  of  this 
study  exist  in  bowel  which  has  never  been  stressed  by  the  surgeon's 
knife  or  a  vascular  catastrophe;  they  work  silently  throughout  a 
healthy  lifetime  tailoring  gastrointestinal  structure  and  function  to 
the  physiologic  needs  of  the  individual. 
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A.  COMPENSATORY  HYPERTROPHY  OF  THE  GUT 

When  the  functional  capacity  of  the  gut  is  reduced  by  resection  or 
bypass  or  when  the  absorptive  function  required  by  the  organism  is  in¬ 
creased,  the  absorptive  capacity  per  unit  length  of  gut  is  increased. 

105  25  37 

This  has  been  demonstrated  in  man  and  in  the  rat  5  and  is  a  phen¬ 
omenon  familiar  to  the  clinician  who  follows  postoperative  body  weight, 
diarrheal  volumes,  stool  fat,  and  stool  nitrogen  in  partially  enterec- 
tomized  patients.  Indeed,  the  late  weight  gain  seen  in  some  patients 

after  small  bowel  bypass  has  been  attributed  to  compensatory  hypertrophy 

87 

which  has  restored  absorptive  capacity  to  normal. 

The  morphological  response  to  partial  enterectomy  is  multi-faceted. 

33  1 09 

Villus  hypertrophy,  bowel  dilatation  and  elongation,  muscular  hyper- 

44  109  43 

trophy,  5  crowding  of  the  epithelial  cells  on  the  villus  surface,  9 

60  75  91 

’  ’  and  ul trastructural  hypertrophy  have  all  been  reported,  but  the 

relative  importance  and  contribution  of  each  of  these  toward  functional 
adaptation  is  unknown.  In  truth,  the  proof  that  any  of  these  changes 
is  responsible  for  functional  adaptation  is  still  lacking.  Flint  cau¬ 
tioned  that  increased  surface  area,  though  important,  was  probably  not 

33 

sufficient  for  complete  compensation.  Alternatively,  it  has  been  pro¬ 
posed  that  changes  in  motility  play  a  major  role  in  compensation*^ 
and  that  villus  hypertrophy  may  be  epi phenomenal .  Nevertheless,  most 
evidence  favors  the  Flint  hypothesis  that  villus  hypertrophy  makes  the 
largest  contribution  toward  restoration  of  normal  absorption;  by  Flint's 
calculation,  a  doubling  of  villus  length  increases  surface  area  four¬ 
fold  and  thus  could  theoretical ly  compensate  for  a  75%  enterectomy.  In 
addition,  the  similar  time  course  of  the  development  of  compensatory 
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structure  and  function  and  the  strong  correlation  between  villus  height 

and  absorption  support  a  cause  and  effect  relationship  between  villus 

hypertrophy  and  functional  adaptation. 

Compensatory  hypertrophy  is  stimulated  by  a  number  of  factors  in- 

25  91 

eluding  nutrients  in  the  chyme,  ’  secretions  from  the  duodenal  papil- 
la^41,108  anc|  substances.  16s28,98,108  ^eura]  mechanisms^  and 

93 

changes  in  mesenteric  blood  flow  can  modify  villi  experimentally, 

but  their  importance  in  physiologic  hypertrophy  is  in  doubt.  There  are 

three  plausible  hypotheses  which  describe  the  manner  in  which  these 

specific  stimuli  for  hypertrophy  arise;  they  are  known  as  the  tissue 

87 

mass,  functional  demand,  and  intraluminal  nutrition  hypotheses.  In 
the  tissue  mass  hypothesis,  the  bowel  hypertrophies  in  response  to  loss 
of  tissue  mass.  Implicit  in  this  theory  is  the  existence  of  a  circu¬ 
lating  growth  inhibitor  or  chalone  whose  level  falls  after  small  bowel 
resection.  According  to  the  functional  demand  hypothesis,  inadequate 
absorption  is  sensed  by  the  organism  and  mucosal  growth  subsequently 
stimulated.  Finally,  the  intraluminal  nutrition  hypothesis  postulates 

that  nutrients  or  intraluminal  factors  directly  stimulate  local  mucosal 

87 

growth.  These  hypotheses  have  been  tested  by  Tilson  who  concluded 
that  no  single  hypothesis  adequately  accounts  for  all  facets  of  compen¬ 
satory  hypertrophy.  It  is  likely  that  a  combination  of  these  mechanisms 
operate  to  determine  mucosal  morphology. 

B.  IS  CELLULAR  HYPERTROPHY  PRESENT? 

The  terms  hypertrophy  and  hyperplasia  are  used  with  respect  to  the 
functional  unit  of  the  organ  system.  Thus,  an  organ  system  may  increase 
its  mass  by  increasing  the  size  of  its  functional  units  (hypertrophy)  or 


Since  the 
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by  increasing  the  number  of  those  units  (hyperplasia). 

114 

functional  unit  of  the  intestine  is  the  villus,  it  is  appropriate 
to  speak  of  villus  hypertrophy  even  though  the  epithelium  is  hyperplas¬ 
tic:  hypertrophy  at  one  level  of  organization  is  always  the  result  of 

39 

hyperplasia  at  lower  levels.  The  number  of  villi  remains  constant 

34 

in  the  intestinal  remnant,  just  as  there  is  a  fixed  number  of  nephrons 
in  the  remaining  kidney  after  contralateral  nephrectomy 

Villus  hypertrophy  is  achieved  by  an  increase  in  the  number  of  epi¬ 
thelial  and  lamina  propria  villus  "core"  cells.  This  increase  in  cel- 

60  75  91 

lularity  is  evident  under  the  light  microscope  ’  ’  and  in  the  ele- 

31  43 

vated  DNA  content  of  the  remnant  gut.  '  These  cells,  or  a  subpopu¬ 
lation  of  these  cells,  may  have  increased  absorptive  and  transport  ca¬ 
pacities  as  well;  this  is  the  tenet  of  the  cellular  hypertrophy  hypothe¬ 
sis.  Many  biochemical,  physiological,  and  ul trastructural  studies  have 
focused  on  this  hypothesis;  the  results  and  interpretations  of  those 
studies  are  presented  below. 

Biochemical  Studies 

The  thrust  of  the  biochemical  approach  has  been  to  harvest  and  ho¬ 
mogenate  whole  mucosa  from  the  remnant  gut  and  assay  the  activity  of 
enzymes  that  are  involved  in  digestive  and  absorptive  functions.  As 
an  alternate  approach,  hi stochemical  staining  reactions  have  been  used, 
though  less  frequently  because  they  are  only  semi-quantitative.^’^  ^ 
Enzyme  activity  can  be  expressed  relative  to  centimeters  or  milligrams 
of  intestine,  to  milligrams  of  protein,  or  to  milligrams  of  DNA.  When 
activity  is  expressed  per  milligram  of  protein  or  DNA,  the  term  enzyme 
specific  activity  applies;  in  practice,  this  value  is  used  to  estimate 
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enzyme  activity  per  cell. 

In  general,  total  enzme  activity  per  unit  length  of  gut  is  in- 

62  ~J 1  92 

creased  after  partial  enterectomy.  ’  ’  This  is  consistant  with 

villus  hypertrophy  in  which  increased  cellularity  leads  to  more  total 
enzyme  activity.  When  enzyme  activity  is  expressed  as  specific  activity, 
the  post-resection  picture  becomes  more  complicated. 

The  results  of  most  published  studies  of  mucosal  enzymes  after 
small  bowel  resection  appear  in  Table  1.  These  experiments  have  used 
either  resection  or  bypass  to  reduce  the  in-continuity  gut  length.  As 
with  villus  hypertrophy,  the  magnitude  and  character  of  the  adaptive  en¬ 
zyme  response  depends  on  whether  the  resection  is  proximal  or  distal; 
accordingly,  the  nature  of  the  surgical  procedure  and  the  site  of  the 
tissue  biopsy  are  indicated  in  the  table. 

Total  enzyme  activity  per  unit  length  of  gut  usually  increases 
after  resection  or  bypass,  but  with  most  enzymes  there  is  either  no 
change  or  a  slight  decrease  in  the  specific  activity.  This  seems  par¬ 
ticularly  true  of  the  disaccharidases  which  have  been  the  subject  of 

five  of  nine  studies  in  Table  1.  Increased  enzyme  specific  activities 

92  77 

have  been  demonstrated  only  for  Na-K  ATPase,  fatty  acid  Co-A  ligase, 
and  acyl-CoA:  monoglyceride  acyl  transferase.^ 

These  results  appear  to  disprove  the  hypothesis  of  cellular  hyper¬ 
trophy,  but  there  is  a  criticism  of  mucosal  enzyme  studies  which  chal¬ 
lenges  such  a  conclusion.  In  a  mucosal  homogenate,  a  significant  por¬ 
tion  if  not  the  majority  of  the  protein  derives  from  the  non-epi thel ial , 
connective  tissue  core  of  the  villus;^  the  effect  of  villus  protein  on 
the  reference  quantity  of  the  assay  may  obscure  differences  in  true 
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enzyme  specific  activity  of  the  epithelium.  Indeed,  in  one  study  ele¬ 
vated  pyrimidine  biosynthetic  enzyme  activity  was  not  evident  until 

67 

crypt  cells  were  isolated  and  assayed  separately.  Furthermore,  en¬ 
zyme  activity  is  not  evenly  distributed  among  villus  cells;  values 

tend  to  be  highest  toward  the  tip  of  the  villus  where  absorption  is 
21  70  95 

greatest.  3  3  When  epithelium  is  isolated  and  assayed  for  DNA  and 

enzyme  activity,  crypt  and  immature  villus  cells  without  enzyme  activ- 
21 

ity  contribute  DNA  to  the  reference  denominator  and  further  dilute  a 

true  increase  in  specific  activity  occurring  in  the  subpopulation  of 

48 

mature  absorbing  cells.  When  the  crypt  population  is  increased,  as 
it  is  after  small  bowel  resection, j s  ef f ect  could  even  lower 
the  overall  specific  activity  of  the  epithelium  despite  increased  ac¬ 
tivities  on  the  villus  tip.  Given  these  drawbacks  of  the  assay  proce¬ 
dures,  it  is  remarkable  that  increased  enzyme  specific  activities  have 
been  demonstrated  for  some  enzymes. 

In  summary,  mucosal  enzyme  studies  have  provided  data  which  are 
difficult  to  interpret,  but  with  few  exceptions  they  have  not  supported 
the  hypothesis  of  cellular  hypertrophy.  However,  the  limited  specific¬ 
ity  of  the  assays  suggests  that  these  results  should  be  interpreted 
cautiously. 

Physiological  Studies 

There  is  an  adaptive  increase  in  glucose,  water,  and  electrolyte 
absorption  per  unit  length  of  gut  in  rat  3  and  man^  5  after  resec¬ 
tion,  but  the  calculated  transport  per  cell  appears  to  be  unchanged  or 

decreased. ^3"l"n  ^as  j3een  sj10wn  for  monosaccharides amino 

59 

acids,  and  vitamin 


However,  these  studies  have  the  same  problem 
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of  interpretation  as  mucosal  enzyme  assays.  They  divide  total  transport 
activity  of  an  intestinal  segment  by  the  amount  of  protein  or  DMA  in 
that  segment;  for  the  same  reasons  as  outlined  above,  transport  activity 
per  milligram  of  protein  or  DNA  cannot  be  strictly  equated  with  indivi¬ 
dual  cell  function. 

1  Qg 

Using  a  different  approach,  Weser  and  Hernandez  were  able  to 

avoid  this  pitfall.  They  isolated  epithelial  cells  from  remnant  rat  gut 

14 

and  compared  the  in  vitro  uptake  of  C  -labelled  glucose  and  leucine  by 

resection  group  cells  with  controls.  They  found  no  increase  after  resec- 

112 

tion.  Wilmore  et  aj_.  obtained  similar  results  when  they  measured  the 
uptake  of  labelled  alpha-methyl-glucose,  L-lysine,  L-cystine,  and  L-valine 
by  isolated  epithelial  cells  from  enterectomi zed  puppies.  While  this 
method  remains  the  best  approach  to  measuring  individual  cell  function, 
its  failure  to  demonstrate  increased  cell  transport  may  lie  in  inadequate 
isolation  of  the  subpopulation  of  absorbing  cells. 

U1 trastructural  Studies 

Electron  microscopy  has  also  been  used  in  the  search  for  subcellular 

q  I 

evidence  of  hypertrophy.  Ska! a  and  Konradova  examined  the  jejunum  and 
ileum  of  50%  enterectomi zed  rats  four  weeks  after  surgery  and  could  find 
no  ul trastructural  changes.  However,  their  results  were  based  on  only 
two  resection  group  rats  and  two  controls.  In  addition,  there  were  no 
quantitative  data  presented  to  verify  that  measurements  of  organelles 
were  made.  Similarly,  Wilmore  et  al_.  failed  to  find  ul  trastructural 
changes  one  year  after  90%  enterectomy  in  beagle  small  intestine,  but  the 
method  of  measurement  was  unclear.  Dowling  obtained  peroral  biopsies  of 
jejunum  from  patients  who  had  undergone  small  bowel  resection  and  found 
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23 

no  fine  structure  evidence  of  hypertrophy.  On  the  other  hand,  ultra- 

structural  changes  were  noted  by  Genyx  D  who  observed  shorter,  stumpier, 

and  sparser  microvilli  in  the  small  bowel  of  the  dog  two  months  after 

94 

7/8  enterectomy.  Tilson  and  Wright,  working  with  the  remnant  gut  of 

rats  after  50%  enterectomy,  found  significant  increases  in  microvillus 

height  in  the  jejunum  and  ileum;  their  study  also  described  an  extensive 

reduplication  of  the  lateral  plasma  membrane  of  the  enterocyte.  Since 

this  membrane  is  the  site  of  an  Na-K  ATPase  thought  to  participate  in 
76 

salt  transport,  they  postulated  that  hypertrophy  of  this  structure 

might  be  the  basis  for  increased  electrolyte  and  water  absorption  in 

the  adapted  gut.  This  finding  also  corroborates  the  increases  in  ileal 

Na-K  ATPase  specific  activity  reported  in  the  remnant  gut  by  the  same 
92 

workers . 

These  electron  microscopy  studies  are  no  less  contradictory  than 

the  mucosal  enzyme  and  physiological  studies  already  discussed  and  are 

also  subject  to  criticism  of  method.  First,  not  all  of  these  studies 

have  demonstrated  that  sufficient  care  was  taken  to  localize  cells  on 

the  villus  structure.  Microvillus  height  and  the  size  of  the  cytoplasm, 

mitochondria,  endoplasmic  reticulum,  and  terminal  web  change  during  the 

cell's  maturation  and  thence  vary  with  cell  position  along  the  villus.^’ 
96,99  101 

’  Any  study  purporting  to  describe  the  ul trastructural  charac¬ 
ter  of  absorbing  cells  must  first  reliably  identify  those  cells  on  the 
villus  and  compare  them  only  with  correspondi ng  cells  from  control  animals. 

Second,  while  cellular  features  such  as  microvillus  height  and 
width  are  relatively  easy  to  measure  from  micrographs,  others  such  as 
size  and  volume  of  mitochondria  or  the  degree  of  lateral  membrane  folding 
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require  stereologic  methods.  To  date,  no  ul trastructure  study  of  the 

post-resection  epithelium  has  used  stereologic  techniques.  In  light 

of  the  extent  of  natural  variation  in  epithelial  ul trastructure  and 

99 

the  subtlety  of  some  ul trastructural  changes,  the  sensitivity  of 

stereologic  morphometry  may  be  necessary  to  detect  cellular  hypertro- 

,  103,104 

phy. 

C.  THE  ULTRASTRUCTURAL  ANALYSIS  OF  CELLULAR  HYPERTROPHY 

The  present  study  was  undertaken  with  the  above  criticisms  in  mind 
and  further  addresses  itself  to  two  questions  about  ul trastructure  in 
compensatory  hypertrophy  of  the  gut. 

First,  is  the  entire  gut  affected?  The  histological  appearance  of 
the  colon  after  small  bowel  resection  has  been  studied  with  general  a- 
greement  that  except  for  mild  dilatation  and  elongation,  its  gross  ap¬ 
pearance  is  normal. ^  However,  microscopic  epithelial  hyperplasia  has 

88 

been  described  recently.  There  is  other  evidence  to  suggest  that  the 

colon  is  responsive  to  small  bowel  resection:  epithelial  DNA,  RNA, 

and  proliferative  activity  are  increased  in  the  colon  as  well  as  in  the 

56  58  90 

small  bowel  after  partial  enterectomy.  5  ’  These  findings  raise 

the  possibility  that  adaptive  colonic  structure  and  function  may  be 

present.  One  Russian  report  on  colon  ul trastructure  after  jejunectomy 

1 1 5 

described  intracel lular  evidence  of  increased  functional  activity. 
However,  no  study  has  simultaneously  studied  the  small  and  large  bowel 
for  compensatory  changes  at  the  level  of  ul trastructure. 

Second,  what  is  the  time  course  of  ul trastructural  change  in  the 
bowel?  Autoradiographic  data  have  suggested  that  a  stimulus  for  epi¬ 
thelial  prol i feration  is  present  within  twenty  four  hours  after 


.1 


l  i 
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resection.  If  ultrastructure  responds  to  this  proliferation  stimulus, 
cellular  hypertrophy  might  be  evident  long  before  villus  hypertrophy. 

For  example,  early  ul trastructural  changes  have  been  demonstrated  in 
compensatory  hypertrophy  of  the  kidney:  two  days  after  unilateral  ne¬ 
phrectomy,  numerous  whorl-like  membranous  structures  occur  in  the  cyto- 

51 

plasm  of  the  proximal  tubule  cells  of  the  rat.  These  structures  are 
thought  to  represent  a  compensatory  increase  in  synthesis  of  new  mem¬ 
branes.  Similarly,  in  ul trastructure  one  might  expect  to  see  the  first 
morphological  signs  of  compensatory  hypertrophy  of  the  gut. 

The  approach  of  this  investigation  is  to  measure  seven  features  of 
the  enterocyte:  microvillus  height,  microvillus  width,  microvillus  den¬ 
sity  (number  per  square  micron  of  luminal  cell  surface),  mitochondrial 
volume  density  (MVD),  vesicle  volume  density  (VVD),  ribosomal  index, 
and  lateral  membrane  folding  index  (LMFI).  The  first  three  values, 
which  can  be  measured  from  micrographs  without  stereologic  methods,  com¬ 
bine  to  estimate  the  true  luminal  surface  area  of  the  cell.  Since  this 
is  the  surface  through  which  all  absorbed  nutrients  must  pass,  its  area 
and  architecture  are  of  great  interest.  The  last  four  cellular  features 
describe  the  relative  size  or  abundance  of  organelles  thought  to  parti¬ 
cipate  in  absorption  or  transport;  their  measurement  requires  a  more 
sophisticated  approach. 

Mitochondria  are  the  site  of  oxidative  phosphorylation  and  provide 

a  large  part  of  the  energy  for  synthetic,  transport,  and  maintenance 

5 

functions  of  the  cell.  They  can  be  characterized  by  number,  dimensions, 
absolute  volume,  and  volume  relative  to  cytoplasm  volume.  The  last  index 
is  simple  and  easy  to  measure  with  point-counting  volumetric  techniques; 
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a  similar  method  has  been  used  to  demonstrate  cellular  hypertrophy  in 

80 

hyperthyroid  states.  Thus,  MVD  might  be  useful  in  evaluating  the 
gut  for  cellular  hypertrophy. 

Vesicles  are  numerous  in  the  enterocyte  and  have  various  hypothe¬ 
sized  functions  including  micropinocytotic  absorption,  lysosomal  diges- 

5  96  99 

tion,  and  the  packaging  of  synthetic  precursors  and  products.  *  ’ 

It  is  possible  that  VVD  might  also  reflect  increased  activity  of  the 
cell. 

Ribosomes  appear  as  extremely  small  granules  on  low  power  electron 
micrographs.  They  are  either  free  or  membrane  bound  and  are  the  site 

5 

of  protein  synthesis.  Because  of  the  low  magnifications  used  in  this 
study,  prevalence  of  ribosomes  was  estimated  by  a  "blind"  observor  ac¬ 
cording  to  an  arbitrary  scale  contained  in  the  Appendix. 

The  lateral  membrane  of  the  mature  enterocyte  is  a  complex  struc¬ 
ture  with  many  folds  and  cytoplasmic  extensions  interlocking  with  those 

of  adjacent  cells.  Active  salt  transport  probably  occurs  across  this 

95  94 

structure  and  its  hypertrophy  has  been  reported  after  enterectomy 

85 

and  after  potassium  loading.  Measurement  of  its  profile  from  micro¬ 
graphs  employs  the  solution  to  the  Buffon  needle  problem  2*103,104  ^see 
Appendix).  Stereologic  methods  have  yet  to  be  applied  to  measurement 
of  this  structure  in  the  post-resection  gut;  they  offer  an  objective 
and  reliable  method  for  confirmation  of  hypertrophy. 

Cellular  morphometry  normally  requires  random  sampling  of  tissue 

sections,  fixed  magnifications,  and  section  thickness  correction  fac- 
103  104 

tors.  5  While  these  steps  are  necessary  to  obtain  correct  absolute 


values  for  cellular  parameters,  they  are  often  expensive  and  extremely 
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time  consuming.  Since  the  aim  of  the  present  study  is  to  obtain  re¬ 
presentative  samples  only  for  comparison  with  other  samples  chosen  un¬ 
der  the  same  criteria,  some  of  these  rigid  requirements  can  be  relaxed 
without  adversely  affecting  the  sensitivity  of  the  morphometric  analy¬ 
sis.  The  use  of  coding  of  specimens  alone  results  in  the  randomization 
of  most  sampling  errors  and  minimizes  observor  bias. 
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METHODS 

Twenty  two  male  Sprague-Dawley  rats,  each  weighing  175  to  200 
grams,  were  obtained  from  the  Charles  River  Breeding  Laboratories. 
Assignments  to  experimental  groups  were  made  randomly.  In  Experiment 
A,  six  rats  served  as  controls,  six  rats  underwent  50%  midgut  small 
bowel  resections,  and  six  rats  underwent  sham  operations.  These  rats 
were  sacrificed  two  weeks  after  surgery.  In  Experiment  B,  two  rats 
with  50%  midgut  resections  and  two  with  sham  procedures  were  sacrificed 
three  days  after  surgery. 

Animals  were  allowed  free  access  to  water  at  all  times  but  were 
fasted  twenty  four  hours  before  surgery.  Anesthesia  was  induced  in 
sham  and  resection  group  animals  by  intraperitoneal  injection  of  pento¬ 
barbital  sodium  (Nembutal,  Abbott  Laboratori es) ,  40  mg/kg.  In  resec¬ 
tion  group  animals,  laparotomy  was  conducted  through  a  midline  ventral 
incision  and  the  small  bowel  delivered  through  the  wound  and  disentan¬ 
gled.  At  a  point  10  to  15  centimeters  proximal  to  the  ileocecal  valve, 
the  intestinal  arcuate  artery  was  ligated  with  a  5-0  Dexon  suture  and 
the  mesentery  divided  up  to  the  superior  mesenteric  artery.  Similar  li¬ 
gation  of  the  arcuate  artery  and  division  of  the  mesentery  were  perfor¬ 
med  at  a  point  45  to  50  centimeters  proximally.  The  mesentery  and  ves¬ 
sels  of  the  midgut  between  these  sutures  were  then  doubly  ligated  with 
5-0  Surgilon  and  the  bowel  divided  proximally  and  distally.  The  iso¬ 
lated  gut  segment  was  removed  and  an  end-to-end  single  layer  anastomosis 

performed  with  interrupted  5-0  Dexon  sutures  according  to  the  method  of 
50 

Lambert.  The  abdominal  wound  was  closed  in  two  layers  with  3-0  Dexon. 
Animals  were  allowed  immediate  access  to  water  and  a  standard  rat  pellet 
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diet. 

Sham  operated  animals  underwent  laparotomy  with  double  ligation  of 
the  arcuate  artery  10  to  15  centimeters  from  the  ileocecal  valve  and 
subsequent  division  and  anastomosis  of  the  gut  without  resection  of  gut 
mass. 

Animals  were  biopsied  under  pentobarbital  anesthesia  at  three  days 
(Experiment  B)  or  two  weeks  (Experiment  A)  after  surgery.  Biopsies  were 
taken  from  the  jejunum  2  or  3  centimeters  distal  to  the  Ligament  of  Treitz, 
from  the  ileum  4  or  5  centimeters  from  the  ileocecal  valve,  and  from  the 
colon  just  proximal  to  the  hepatic  flexure.  No  biopsies  were  taken  with¬ 
in  5  centimeters  of  an  anastomosis  since  non-specific  villus  hypertrophy 
occurs  in  the  region  of  anastomoses. 

Tissues  for  light  microscopy  were  placed  in  formalin  for  48  hours, 
embedded  in  paraffin,  sectioned,  and  stained  with  Periodic  Acid  Schiff 
(PAS)  stain.  Slides  were  coded  to  eliminate  observor  bias.  For  each 
section  of  small  bowel,  five  wel 1 -oriented  intact  villi  were  identified 
and  their  lengths  and  the  depth  of  one  flanking  crypt  were  measured  using 
an  eyepiece  micrometer.  Means  for  each  animal  were  used  to  calculate 
group  statistics. 

Tissues  for  electron  microscopy  were  placed  in  2%  glutaraldehyde 
immediately  following  biopsy.  Fixation  was  continued  overnight  at  4° 
Centigrade.  Samples  were  post-fixed  in  1 l  osmium  tetroxide  in  0.1  M 
sodium  cacodylate  buffer,  stained  en  bloc  with  uranyl  magnesium  acetate, 
carried  through  progressive  dehydration  with  ethanol,  and  then  embedded 
in  Epon-Araldi te  blocks.  One  micron  thick  sections  were  prepared  for 
light  microscopy  to  insure  good  section  orientation  and  to  confirm  that 
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thin  sections  were  taken  only  from  the  villus  base  or  tip.  Thin  sections 
with  silver  to  gold  interference  patterns  were  prepared  with  glass  knives 
on  a  LKB  microtome,  placed  on  copper  grids,  stained  with  uranyl  acetate 
and  lead  citrate,  coded,  and  examined  on  a  Siemans  101  transmission  elec¬ 
tron  microscope. 

Electron  micrographs  of  the  small  bowel  epithelium  were  taken  only 
when  the  position  along  the  villus  was  obvious  after  scanning  the  sec¬ 
tion  at  low  power.  Only  cells  with  good  orientation  of  microvilli  were 
studied  and  generally  those  with  the  longest  microvilli  photographed. 
Emphasis  was  placed  on  the  apical  cytoplasm.  Magnifications  from  4000 
to  40000  were  used  and  approximately  160  micrographs  prepared. 

Coded  micrographs  were  scored  for  the  features  previously  described. 
Microvillus  measurements  were  made  only  when  a  smooth,  uninterrupted 
membrane  from  the  base  to  the  tip  of  the  microvillus  could  be  identified. 
Using  overlay  grids  and  point-counting  volumetric  techniques,  the  ratios 
of  mitochondria  and  vesicle  volumes  to  apical  cytoplasm  volumes  were 
calculated  (see  Appendix).  Ribosomal  density  was  judged  according  to 
the  following  scale:  l=none,  2=few,  3=moderate,  and  4=abundant.  Final¬ 
ly,  the  degree  of  lateral  membrane  reduplication  was  assessed  stereolog- 
i cal ly  using  grids  of  vertical  and  horizontal  parallel  lines  (see  Appen¬ 
dix);  the  calculated  length  of  the  lateral  membrane  was  divided  by  the 
point-to-point  distance  travelled  by  the  membrane  line  on  the  micrograph. 
This  ratio,  the  lateral  membrane  folding  index  (LMFI),  relates  degree  of 
reduplication.  A  LMFI  of  1,  for  example,  describes  a  straight  membrane 
line  (Figure  10, A),  whereas  a  LMFI  of  2  describes  a  meandering  membrane 
profile  such  that  the  line  length  is  twice  the  height  of  the  cell. 
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Micrographs  taken  from  the  colon  were  treated  similarly  and  the 
same  cell  selection  criteria  applied;  no  crypts  were  examined. 

True  magnification  was  determined  through  the  use  of  a  calibration 
grid  and  the  preparation  of  calibration  photographs. 

Values  for  the  seven  cellular  indices  were  calculated  for  each  ani¬ 
mal;  experimental  group  means  and  standard  errors  of  the  means  were  com- 

82 

puted  and  compared  using  Student's  t-test. 
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RESULTS 

One  resection  group  rat  died  one  week  following  surgery.  Necropsy 
revealed  an  anastomotic  leak  with  subsequent  peritonitis  and  widespread 
adhesions.  All  other  rats  thrived  and  gained  weight  post-operati vely . 

At  biopsy,  sham  and  resection  group  rats  had  adhesions  around  the 
anastomoses;  in  the  resection  group,  mild  dilatation  of  the  proximal 
bowel  without  obvious  obstruction  was  noted  in  most  of  the  animals. 

Light  Microscopy 

In  the  post-resection  jejunum,  villi  were  enlarged  24%  over  controls 
(p^.001)  while  sham  group  villi  were  relatively  unchanged  (Table  II). 
Crypt  depth  was  similarly  increased  22%  over  controls  (p<.05).  The  com¬ 
bined  villus  and  crypt  length  was  measured  separately  and  increased  20% 

(p<.01). 

In  the  ileum  (Table  III),  a  similar  pattern  was  present.  Resection 
group  villi  were  29%  taller  than  controls  (p<.005).  Crypt  and  combined 
crypt  and  villus  measures  were  increased  19%  (p<.025)  and  36%  ( p< . 001 ) 
respectively. 

In  the  colon  (Table  IV),  there  was  no  difference  in  height  of  sub¬ 
mucosal  folds  or  in  epithelial  cell  density  among  control,  sham,  and 
resection  groups,  nor  was  there  any  difference  in  the  prevalence  of 
lymphoid  or  goblet  cells  among  the  experimental  groups. 

Electron  ivli croscopy--General  Appearance 

Epithelial  cells  from  resection  group  animals  had  the  general  ap¬ 
pearance  of  control  cells.  They  are  tall  columnar  absorptive  cells 
having  a  rectangular  shape  on  section  (Figures  1,2).  A  distinct  apical 
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striated  or  "brush"  border  covers  the  luminal  side  of  the  cell  and  is 
composed  of  an  orderly  array  of  slender  cytoplasmic  extensions,  the 
microvilli.  At  higher  magnifications,  a  fuzzy  coat  of  fine  fibers  ra¬ 
diates  from  the  microvillus  membrane  (Figure  5,B).  Numerous  filaments 
in  the  core  of  each  microvillus  can  be  seen  extending  into  the  apical 
cytoplasm  where  they  bend  laterally  to  enmesh  in  the  dense  feltwork  of 
the  terminal  web  (Figures  5,6,7).  In  oblique  horizontal  sections, 
these  filaments  can  be  seen  in  cross-section  in  the  microvilli  and  in 
the  apical  cytoplasm  (Figure  5,B).  Also  in  the  apex  of  the  cell  are 
many  mitochondria,  ribosomes,  vesicles,  lysosomes,  multivesicular  bodies, 
Golgi  complexes,  endoplasmic  reticula,  and  dense  inclusion  bodies  (Fi¬ 
gures  5,7,9).  The  oval  nucleus,  filled  with  its  fine  granular  chromatin 
and  occasional  dense  nucleoli,  is  situated  basally  (Figures  1,2). 

At  the  magnifications  most  commonly  employed  in  this  study,  the 
plasma  membrane  had  uniform  thickness  throughout  the  cell.  However,  at 
the  lateral  border  of  the  cell,  three  types  of  membrane  specialization 
were  identified  (Figures  5,7,9,10).  The  zona  occludens  is  a  "tight 
junction"  where  the  intercel lular  space  becomes  obliterated  for  a  dis¬ 
tance  of  about  0.1  microns.  Below  this  junction,  a  second  area  of 
close  membrane  approximation  occurs  and  is  known  as  the  zona  adherens 
(Figures  1,5, 7, 8).  Along  the  remainder  of  the  membrane  profile  are 
multiple  punctate  desmosomes  (Figure  10). 

Goblet  cells  and  intraepithelial  lymphocytes  are  seen  regularly 
throughout  the  epithelium,  the  former  often  discharging  their  mucous 
contents  into  the  crypt  or  intervillus  lumen  (Figure  3). 
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Electron  Microscopy--Mi  crovi  Hus  Height 

Microvillus  height  among  controls  was  a  function  of  site  on  the  vil 
lus  surface  and  location  along  the  gastrointestinal  tract.  In  the  jeju¬ 
num  and  ileum,  microvilli  were  shorter  at  the  base  of  the  villus  than  at 
the  tip  (Table  V,  Figures  4,5).  Jejunal  microvilli  were  taller  than 
their  ileal  counterparts  and  ileal  taller  than  colonic.  Thus,  there  was 
a  downward  gradient  of  microvillus  height  along  the  gut.  In  the  jejunum 
small  bowel  resection  did  not  significantly  affect  microvillus  height 
either  at  the  villus  base  or  tip  (Figure  4).  In  the  ileum,  however,  a 
25%  increase  in  villus  tip  microvillus  height  occurred  after  resection 
(Figure  6);  this  change  fell  short  of  statistical  significance  (Table  V) 
A  much  smaller  increase  was  noted  at  the  ileal  villus  base. 

Ileal  villus  tip  microvilli  examined  only  three  days  after  surgery 
were  no  taller  than  controls. 

In  the  colon,  there  was  a  46%  increase  in  microvillus  height  fol¬ 
lowing  resection  (p<.05);  this  change  is  illustrated  in  Figure  7. 

Three  other  observations  concerning  microvillus  height  deserve  men- 

96 

tion.  First,  in  the  "microcrypt"  regions  of  the  villus  where  the 
smooth  linear  array  of  epithelial  cells  is  dimpled  by  a  shorter  epithe¬ 
lial  or  goblet  cell,  microvilli  were  considerably  taller  than  those  on 
more  exposed  regions  of  the  same  villus  (Figure  8).  Second,  although 
villus  base  microvilli  were  shorter  than  those  at  the  villus  tip,  the 
maturation  process  from  base  to  tip  was  not  always  gradual.  Occasional¬ 
ly,  mature  well-differentiated  epithelial  cells  could  be  seen  adjacent 
to  immature  ones  with  small  rudimentary  microvilli.  The  latter  cells 
did  not  appear  to  be  degenerating.  Third,  despite  the  trends  previously 
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noted,  considerable  variation  occurred  in  microvillus  length  from  vil¬ 
lus  to  villus  within  the  same  animal  even  when  great  care  was  taken  to 
compare  only  corresponding  sites  on  the  villus  surface. 

Electron  Mi croscopy--Microvi 11  us  Width 

Microvillus  width  ranged  from  0.12  to  0.15  microns  (Table  VI). 
However,  no  consistant  difference  in  microvillus  width  was  noted  among 
experimental  groups,  locations  in  the  gut,  or  sites  on  the  villus. 

Electron  Microscop,y--Mi crovi Hus  Density 

The  number  of  microvilli  per  square  micron  of  luminal  surface  area, 
ignoring  the  contribution  of  the  microvilli  themselves  to  surface  area, 
was  not  significantly  different  when  villus  tip  cells  of  the  jejunum 
and  ileum  were  compared  with  cells  at  the  villus  base  (Table  VII).  Re¬ 
section  had  no  effect  upon  the  density  value  in  either  the  small  bowel 
or  colon. 

Electron  Microscopy--Mi tochondrial  Volume  Density  (MVP) 

In  the  jejunum,  MVD  was  higher  at  the  villus  base  than  at  the  tip 
(Table  VIII).  This  pattern  was  not  statistically  significant  but  was 
observed  in  all  three  experimental  groups.  In  the  ileum,  technical 
problems  limited  the  number  of  control  group  micrographs  suitable  for 
mitochondrial  measurements,  but  higher  villus  base  MVD  values  were  ob¬ 
served  in  sham  and  resection  group  rats.  MVD  was  increased  in  the  colon 
when  compared  with  the  small  bowel,  but  resection  had  no  effect  on  MVD 
at  any  site  in  the  gut.  A  spuriously  elevated  MVD  was  recorded  in  the 
sham  group  colon,  but  was  related  to  only  two  unusual  micrographs. 
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Electron  Microscop,y--Vesicle  Volume  Density  (VVD) 

In  the  small  intestine,  the  volume  fraction  of  apical  cytoplasm  oc¬ 
cupied  by  vesicles  was  unchanged  along  the  villus  and  among  the  experi¬ 
mental  groups  (Table  IX).  In  the  colon,  VVD  values  were  higher  than 
those  in  the  small  bowel  and  were  slightly  elevated  after  resection,  but 
this  increase  was  not  statistically  significant. 

Electron  Microscopy--Ribosomal  Index 

Though  ribosomes  were  more  abundant  in  villus  base  cells  of  the  je¬ 
junum  and  ileum,  ribosomal  index  was  similar  in  all  experimental  groups 
at  all  sites  in  the  gut  (Table  X). 

Electron  Microscopy— Lateral  Membrane  Folding  Index  ( LMFI ) 

In  the  small  bowel,  lateral  membrane  reduplication  was  two  to  four 
times  greater  at  the  villus  tip  than  at  the  base,  but  resection  had  no 
effect  on  this  index.  Ileal  villus  tip  cells  also  tended  to  have  higher 
LMFI  values  than  jejunal  cells.  Values  in  the  colon  were  not  affected 
by  resection  and  were  closer  to  those  observed  in  the  jejunum  than  those 
of  the  ileum  (Table  XI).  The  orientation  of  the  folding  appeared  to 
be  more  vertical  in  the  colon  (Figure  9)  and  usually  horizontal  in  the 
small  bowel  (Figure  10). 
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DISCUSSION 

Under  these  experimental  conditions,  small  bowel  resection  produced 
villus  hypertrophy  in  the  jejunum  and  ileum  and  induced  microvillus  elon¬ 
gation  in  the  ileum  and  colon.  These  results  support  the  hypotheses 
that  the  entire  gut  responds  adaptively  after  small  bowel  resection  and 
that  cellular  hypertrophy  contributes  to  functional  adaptation. 

The  magnitude  of  villus  hypertrophy  observed  in  this  experiment  is 

43 

similar  to  that  reported  by  earlier  workers*,  the  pattern  of  greater 

hypertrophy  in  the  distal  gut  also  agrees  with  earlier  reports  of  great- 

38  114 

er  adaptive  capacity  in  the  ileum.  ’ 

Villus  crypt  depths  were  enlarged  after  resection  both  in  the  jeju¬ 
num  and  the  ileum.  This  is  consistant  with  the  results  of  histological 

and  autoradiographic  studies  which  have  demonstrated  expansion  of  the 

i  •  r  ..  .  .  7,25,44,60,87,114 

proliferative  compartment. 

The  light  microscopic  appearance  of  the  colon  was  not  affected  by 
resection.  In  one  study  which  examined  the  colon  after  small  bowel  re¬ 
section,  a  modest  increase  in  colon  diameter  and  length  was  reported, 
but  no  histological  changes  were  apparent. ^  Three  other  studies^ 
failed  to  detect  hyperplasia  or  changes  in  colon  cell  proliferation  af¬ 
ter  enterectomy,  but  Tilson  et  al_.  have  demonstrated  early  post-opera- 
tive  activity  in  the  left  and  right  colon  of  the  rat.  More  recent¬ 
ly,  Nundy  and  his  group  confirmed  Til  son's  reports  by  measuring  increases 
in  DNA,  RNA,  and  labelled  DNA  specific  activity  in  the  colon  after  ileal 
resection.  In  the  present  study,  two  histological  indices  of  colon  mor¬ 
phology,  submucosal  fold  height  and  number  of  enterocytes  per  100  microns 
of  epithelium,  did  not  change.  These  results  are  difficult  to  reconcile 
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with  Nundy's  evidence  of  hyperplasia,  but  it  is  possible  that  some  de¬ 
gree  of  colon  dilatation  accompanied  by  hyperplasia  might  have  occurred 
without  a  change  in  these  two  indices.  Resolution  of  this  apparent  con¬ 
flict  must  await  further  investigation. 

While  the  general  ul trastructural  appearance  of  post-resection  epi¬ 
thelium  was  very  similar  to  that  of  controls,  quantitative  measurement 
of  micrographs  revealed  that  resection  group  microvilli  were  larger 
than  those  of  controls  and  shams.  This  difference  was  marked  in  the  co¬ 
lon,  short  of  statistical  significance  in  the  ileum,  and  slight  in  the 
jejunum.  The  normal  gradient  of  microvillus  height  and  the  pattern  of 
larger  increases  in  distal  gut  microvilli  after  resection  suggests  that 
a  statistically  significant  increase  in  microvillus  height  might  have 
been  observed  in  the  ileum  if  larger  samples  and  perhaps  more  extensive 
resections  had  been  used. 

The  cause  of  microvillus  elongation  is  unknown,  but  borrowing  from 

87 

discussions  of  villus  hypertrophy,  several  hypotheses  are  available. 
First,  the  intraluminal  nutrition  theory  would  state  that  chymal  factors 
determine  microvillus  height.  At  the  villus  level,  the  existence  of 
trophic  chymal  factors  is  supported  by  the  normal  gradient  of  decreasing 
villus  height  along  the  gut  and  by  the  villus  hypertrophy  which  occurs 
in  ileal  segments  transposed  to  the  jejunum.  The  hyperphagia  in  con- 

O]  O  AC 

ditions  such  as  lactation,  hypothalamic  injury,  and  alloxan  diabetes 
also  increases  intraluminal  nutrition  and  induces  villus  hypertrophy. 
Altman  and  LeBlond^  have  shown  that  some  of  these  intraluminal  factors 
may  be  endogenous:  a  villus  enlarging  factor  elaborated  by  the  duodenum 
or  in  pancreatic  or  biliary  secretions  has  been  demonstrated  by 
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transplantation  of  the  duodenal  papilla  to  distal  sites."*  At  the  en¬ 
zyme  level,  intraluminal  contents  have  long  been  known  to  affect  en- 

53  54 

zyme  characteristics  and  activities  throughout  the  bowel.  Classi¬ 

cally,  through  a  process  known  as  substrate  induction,  mucosal  enzyme 
activity  increases  when  the  gut  is  exposed  to  high  levels  of  the  en¬ 
zyme's  substrate.  If  microvilli  are  hypertrophied  in  response  to  intra¬ 
luminal  trophic  factors  which  are  present  in  higher  concentrations  prox- 
imally,  then  microvilli  should  be  taller  in  the  proximal  gut  and  their 
adaptive  responses  to  resection  should  be  greater  in  the  distal  gut. 

In  fact,  both  of  these  corollaries  were  observed  in  the  present  experi¬ 
ment  (Table  V ) . 

The  normal  gradient  of  microvillus  height  becomes  less  steep  after 
small  bowel  resection  (Table  V);  insofar  as  microvillus  height  correlates 
with  site  in  the  gut,  ileal  microvilli  become  "jejunized"  and  colon  mi¬ 
crovilli  "ileized"  after  proximal  enterectomy.  Interestingly,  the  ileum 

becomes  "jejunized"  in  certain  transport  functions  as  well.  Tilson  and 
89 

Clifford  showed  that  the  ileum  exhibits  greater  glucose  dependence  for 
sodium  transport  after  jejunectomy.  Glucose  dependence  is  a  character¬ 
istic  of  jejunal  sodium  transport.  It  is  also,  strictly  speaking,  a 
cellular  rather  than  a  villus  property;  hence,  "jejuni zation"  of  this 
sort  is  evidence  for  cellular  adaptation. 

As  a  second  hypothesis,  microvilli  might  respond  to  functional  de¬ 
mand.  Conceivably,  the  need  for  increased  absorptive  surface  could  be 
communicated  to  the  gut  by  a  circulating  factor  which  stimulates  micro¬ 
villus  hypertrophy.  At  the  villus  level,  such  a  mechanism  is  supported 
by  Wilmore  and  Dudrick's  experiment  in  which  villus  hypertrophy  was 
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observed  in  partially  enterectomi zed  beagle  puppies  maintained  on  in¬ 
travenous  hyperalimentation.  Also,  the  presence  of  "upstream"  villus 

87 

hypertrophy  in  the  jejunum  after  ileal  resection  and  in  the  ileum 
1 1 3 

after  colectomy  is  not  explained  by  simple  theories  of  intraluminal 

nutrition  and  must  invoke  a  concept  of  functional  demand.  At  the  en¬ 
zyme  level,  proximal  intestinal  glycolytic  enzyme  activity  is  increased 

29 

by  distal  ileal  perfusion  with  glucose;  this  relationship  suggests 
the  existence  of  a  humoral  or  neural  signal  to  increase  functional  ca¬ 
pacity  when  inadequate  absorption  allows  nutrients  to  reach  the  distal 
gut.  In  the  present  experiment,  a  modest  increase  in  jejunal  microvil¬ 
lus  height  was  observed  but  was  not  significant.  If  the  increase  had 
been  substantial  it  would  have  provided  some  evidence  for  a  humoral 
microvillus  trophic  factor.  Unfortunately,  these  data  offer  no  insight 
into  the  existence  of  such  a  factor  and  subsequently  do  not  reflect  upon 
the  functional  demand  hypothesis. 

Third,  the  tissue  mass  hypothesis  states  that  gut  mass  is  regulated 

through  a  negative  feedback  system  which  involves  a  circulating  growth 

inhibitor  elaborated  by  cells  of  the  organ.  This  theory  cannot  explain 

villus  hypertrophy  when  gut  mass  is  unchanged  as  in  intestinal  bypass 
37 

without  resection.  Thus,  if  this  hypothesis  were  correct  for  micro¬ 
villus  hypertrophy,  it  would  mean  that  ul trastructure  and  villus  morpho¬ 
logy  are  under  separate  controls.  The  present  experiment  does  not  re¬ 
flect  upon  this  hypothesis. 

Fourth,  since  the  enterocyte's  ul trastructural  features  develop 
over  time,  changes  in  cell  lifespan  or  rate  of  differentiation  might 
affect  ul trastructure.  Therefore,  an  altered  kinetics  hypothesis 
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predicts  that  if  differentiation  were  accelerated,  cell  lifespan  in¬ 
creased,  or  ultimate  specialization  toward  absorptive  function  increas¬ 
ed,  microvilli  might  hypertrophy.  However,  most  studies  of  post-resec¬ 
tion  epithelium  have  found  accelerated  migration  along  the  villus  with 

37  42  52  91 

a  shortened  life  span  of  the  enterocyte.  5  5  9  Only  one  study 

has  reported  an  increase  in  life  span  of  epithelial  cells  and  this  in- 

63 

crease  was  not  statistically  significant.  These  findings  have  led 
to  the  conclusion  that  the  hypertrophied  villus  achieves  increased  ab¬ 
sorption  by  producing  a  large  population  of  immature  hypofunctional 
26  21 

cells.  Indeed,  deBoth  and  Plaisier  studied  the  carbohydrate  enzyme 
activity  of  epithelial  cells  at  various  stages  of  differentiation  and 
under  conditions  of  increased  prol iferation  induced  by  low  level  irra¬ 
diation;  their  results  indicate  decreased  activity  of  those  enzymes  dur¬ 
ing  states  of  rapid  prol i feration. 

In  contrast  to  autoradiographic  and  mucosal  enzyme  data,  the  ultra- 
structural  profile  of  post-resection  epithelium  does  not  suggest  imma¬ 
turity.  A  resolution  of  this  contradiction  may  be  found  in  the  work  of 
van  Dongen  et  al . ^  in  which  the  proliferative  activity  and  ultrastruc¬ 
ture  of  irradiated  intestinal  epithelium  was  compared  with  controls.  As 
with  resection,  irradiation  increased  proliferative  activity  and  epithe¬ 
lial  turnover  rate,  but  it  did  not  affect  the  rate  of  ul trastructural 
differentiation.  This  very  interesting  result  suggests  that  microvil¬ 
lus  hypertrophy  is  not  a  consequence  of  altered  kinetics;  indeed,  the 
altered  kinetics  hypothesis  would  have  predicted  smaller  microvilli  un¬ 
der  conditions  of  rapid  proliferation.  Furthermore,  van  Dongen's  results 
when  taken  with  those  of  de  Both  and  Plaisier  indicate  that  the 
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development  of  enzyme  activity  lags  behind  the  development  of  mature 
ul trastructure  and  that  this  lag  is  even  greater  during  periods  of 
rapid  proliferation. 

Finally,  the  abrasion  hypothesis  postulates  that  physical  and  me¬ 
chanical  factors  in  the  chyme  abrade  the  brush  border,  damaging  and 
shortening  the  microvilli.  This  might  explain  why  long  microvilli 
were  seen  in  villus  microcrypts  where  abrasion  should  be  less  (Figure 
8).  If  this  hypothesis  is  correct,  more  abrasion  should  occur  in  the 

distal  gut  where  normal  microvilli  are  shorter.  While  this  possibility 

25  32  35 

has  been  discussed  for  villus  hypertrophy,  *  ’  there  are  few  data 

with  which  to  evaluate  the  hypothesis. 

The  time  course  of  microvillus  hypertrophy  remains  unclear.  On 

the  basis  of  a  previous  report  of  ileal  microvillus  hypertrophy  after 

94 

small  bowel  resection,  only  ileal  samples  were  examined  for  early 
ul trastructural  changes.  The  absence  of  hypertrophy  three  days  after 
surgery  has  two  interpretations.  First,  since  in  the  two  week  experi¬ 
ment  the  increase  in  ileal  microvillus  height  was  modest,  a  similar  or 
slightly  smaller  but  real  increase  might  not  have  been  measureable 
given  the  small  number  of  animals  (2)  and  the  large  standard  error. 

A  repeat  of  this  experiment  with  more  animals  and  an  examination  of  the 
colon  where  hypertrophy  was  more  striking  might  reveal  early  changes. 
The  second  interpretation  is  that  the  signal  for  microvillus  hypertro¬ 
phy  is  not  yet  present;  if  it  were,  one  would  expect  it  to  be  manifest 
within  the  lifetime  of  the  enterocyte,  which  is  approximately  one  and 
one  half  days  in  the  rat.^  While  the  first  interpretation  is  favored, 
it  would  be  prudent  to  regard  these  results  as  inconclusive. 


Microvillus  width  and  density  appear  to  be  constant  features  of 

mature  enterocytes.  Furthermore,  contrary  to  Brown's  data  from  the 
g 

human  jejunum,  there  was  no  difference  in  microvillus  width  between 

villus  tip  and  base  cells.  Width  values  of  0.1  to  0.15  microns  are 

96 

somewhat  larger  than  the  0.08  to  0.1  microns  often  quoted.  Micro¬ 
villus  density  values,  on  the  other  hand,  are  similar  to  those  calcu¬ 
lated  from  Brown's  data.  Since  resection  had  no  effect  on  width  or 
density,  it  appears  that  microvillus  hypertrophy,  as  with  villus  hyper¬ 
trophy,  can  develop  only  by  the  elongation  of  existing  structures. 

The  functional  consequences  of  microvillus  hypertrophy  are  un¬ 
known,  but  certainly  the  surface  area  of  the  cell  is  increased.  Ac¬ 
cording  to  the  results  in  Tables  II,  III,  and  IV,  the  total  luminal 
surface  area  of  a  mature  enterocyte  increases  35%  in  the  ileum  and  38% 
in  the  colon  on  the  basis  of  microvillus  hypertrophy  alone  (computations 
appear  in  the  Appendix).  However,  since  few  materials  pass  freely  a- 
cross  biological  membranes,  increased  surface  area  does  not  necessarily 
result  in  increased  absorption:  absorption  normally  requires  the  assis¬ 
tance  of  enzymes  and  transport  molecules  and,  unfortunately,  morphologi¬ 
cal  studies  offer  little  indication  of  changes  in  those  molecules. 

One  theoretical  consequence  of  microvillus  hypertrophy  proposed  by 
94 

Tilson  and  Wright  is  facilitation  of  glucose  absorption.  The  Hamilton 

41 

and  McMichael  model  of  glucose  absorption  postulates  hydrolysis  of 
maltose  by  brush  border  maltase  with  subsequent  generation  of  high  local 
concentrations  of  glucose  in  the  microvillus  crypt;  glucose  might  then 
passively  enter  the  cell  from  this  region.  Deepening  of  the  crypt  after 
small  bowel  resection  might  facilitate  this  process. 
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The  status  of  the  microvillus  is  of  great  interest  in  any  condi¬ 
tion  of  altered  gastrointestinal  physiology.  The  microvillus  is  the 
principle  interface  of  the  organism  with  the  intestinal  lumen;  by  most 
estimates,  microvilli  increase  the  surface  area  of  the  gut  24-fold. ^ 

It  follows  that  the  microvillus  membrane  accounts  for  96%  of  the  gut 
surface  area  and  that  the  great  majority  of  nutrients  probably  passes 
through  it.  In  addition,  almost  all  of  the  membrane-bound  enzymes  neces¬ 
sary  for  digestion  and  absorption  reside  on  the  microvillus;  they  include 
the  di sacchari dases  (maltase,  lactase,  isomaltase,  invertase,  trehalase, 
cellobiase),  phlorizin  hydrolase,  alkaline  phosphatase.  Mg  and  Ca  ATPases, 
leucyl-napthylamidase,  aminopeptidase,  cholesterol  ester  hydrolase,  re¬ 
tinal  ester  hydrolase,  folate  deconjugase,  palmitate  thiokinase,  mono- 
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glyceride  acylase,  and  diglyceride  acylase. 

The  microvillus  has  also  received  considerable  study  because  of 
two  recently  appreciated  functional  capacities:  it  moves  and  it  regen¬ 
erates  . 

The  finding  of  actomyosin  complexes  in  the  brush  border  was  the 
first  suggestion  that  the  microvillus  is  a  motile  structure;  in  fact, 

r  r 

the  major  protein  of  the  brush  border  is  actin.  Microvillus  motility 

has  been  observed  in  situ  but  the  exact  nature  of  the  movement  is  not 
obvious.'  ’°  Many  authors  favor  a  cycled,  cilia-like  movement,  5  but 
Mooseker  was  able  to  demonstrate  a  contraction  of  the  microvillus  inter¬ 
nal  structure  in  isolated  brush  border  preparations  treated  with  calcium 
65 

and  ATP.  Whether  microvilli  bend,  shorten,  or  vibrate  like  tuning 
forks  is  not  known;  however,  the  nature  of  the  movement  can  be  expected 
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to  provide  a  clue  to  its  purpose.  Theoretically,  cilia-like  move¬ 
ments  might  be  most  effective  in  disturbing  the  otherwise  "unmixed 
layer"  overlying  the  membrane,  whereas  contraction  of  the  microvillus 
might  "milk"  it  of  its  terminal  digestion  products  and  thereby  main¬ 
tain  a  high  gradient  for  the  diffusion  of  nutrients  across  the  mem¬ 
brane. 

Other  Organelle  Changes 

MVD,  VVD,  Ribosomal  Index,  and  LMFI  values  are  organelle  measures 
whose  relation  to  function  is  not  clearly  defined.  Some  of  them  have 
been  studied  in  the  intestine,  but  primarily  with  respect  to  cellular 
differentiation  rather  than  hypertrophic  change. ^  Nevertheless, 
a  rational  application  of  these  measures  can  be  employed  in  the  evalu¬ 
ation  of  cellular  hypertrophy. 

MVD  in  this  experiment  attempted  to  quantify  the  prevalence  of 
mitochondria  in  the  post-resection  enterocyte.  An  increase  in  either 
the  number  or  size  of  existing  mitochondria  would  have  elevated  the 
MVD.  MVD  was  roughly  0.13  in  most  epithelial  cells,  but  was  slightly 
lower  in  mature  enterocytes.  This  value  is  similar  to  other  published 
values. ^  In  van  Dongen's  study,  absolute  mitochondrial  volume  was 
constant  among  villus  cells,  but  cytoplasm  volume  increased. ^  MVD, 
the  ratio  of  these  two,  would  thus  be  expected  to  fall.  A  constant  or 
increasing  MVD  as  one  progressed  up  the  villus  might  have  indicated 
mitochondrial  pro! i feration  or  growth;  however,  this  was  not  observed. 
Colon  enterocytes  had  a  slight  increase  in  MVD  when  compared  with  small 
bowel  cells;  whether  or  not  this  reflects  increased  oxidative  metabol¬ 
ism  is  unclear,  but  values  were  not  affected  by  resection. 
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The  vesicles  measured  in  these  micrographs  no  doubt  included  li¬ 
pid  droplets,  mi cropi nocytotic  vesicles,  vacuoles,  and  lysosomes;  VVD 
was  therefore  a  non-specific  estimation  of  transport,  absorptive,  and 
packaging  activity  of  the  cell.  VVD  in  the  small  bowel  depended  nei¬ 
ther  on  villus  location  nor  experimental  group.  Values  were  higher  in 
the  colon  than  in  the  small  bowel  (Figure  9A) ;  Trier  has  suggested  that 
lysosomes,  which  were  measured  by  the  VVD,  are  increased  during  periods 

of  stress  or  rapid  proliferation,  but  the  functional  significance  of 

99 

this  increase  is  unclear. 

Ribosomal  index  was  remarkably  constant  throughout  the  entire  gut 

except  for  a  slight  increase  in  the  jejunum  and  ileum  villus  base  cells 

99  101 

which  are  known  to  be  engaged  in  high  rates  of  protein  synthesis.  ’ 

An  increase  in  membrane  bound  ribosomes  has  been  reported  in  rat  liver 

in  which  increased  metabolic  function  has  been  induced  by  phenobarbi tal 
84 

administration.  However,  in  the  present  study  resection  did  not  af¬ 
fect  this  index  in  the  gut. 

Lateral  membrane  reduplication,  assessed  by  the  LMFI,  increases 

96  94 

with  cell  maturation  and  reportedly  after  small  bowel  resection. 

The  former  observation  was  confirmed  in  this  study,  but  not  the  latter. 

20 

According  to  Curran's  serial  membrane  hypothesis,  salt  may  be  actively 

transported  across  this  membrane  into  the  lateral  intercel lular  space 

where  the  resultant  hypertonicity  subsequently  draws  water  through  the 

cell;  dilated  intercellular  spaces  can  be  seen  during  this  process, 

which  appears  to  be  limited  to  the  upper  one  third  of  the  villus  (Figure 
.  95 

2).  Furthermore,  the  Na-K  ATPase  probably  involved  in  this  transport 

76  95 

has  been  localized  to  the  microvillus  and  lateral  membrane.  ’  Thus, 
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hypertrophy  of  this  membrane  could  be  an  adaptive  cellular  response  to 
the  problem  of  limited  salt  and  water  absorption  in  the  short  gut.  The 
present  experiment  was  the  first  to  stereological ly  measure  the  folding 
of  this  membrane  in  the  post-resection  epithelium.  While  in  many  micro¬ 
graphs  the  membrane  appeared  hypertrophic  (Figures  3,10,11),  measure¬ 
ment  revealed  no  statistically  significant  differences  among  experimen¬ 
tal  groups.  These  results  were  unexpected,  but  failure  of  the  membrane 
to  hypertrophy  does  not  exclude  the  possibility  of  increased  salt  and 
water  transport  at  that  site.  It  is  the  Na-K  ATPase  activity  and  not 
the  surface  area  of  the  membrane  which  ultimately  determines  functional 
capacity.  Furthermore,  it  is  possible  that  hypertrophy  was  present  at 

the  basal  portions  of  the  membrane  where  dilatation  of  the  i ntercel 1 ular 
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space  is  more  striking  during  fluid  absorption.  The  bias  toward  apical 
cytoplasm  in  this  study  could  easily  have  overlooked  basal  hypertrophy. 

Since  the  largest  ul trastructural  response  to  small  bowel  resection 
occurred  in  the  colon,  a  special  discussion  of  the  compensatory  function 
of  the  colon  is  warranted. 

Normal  colon  has  three  chief  functions:  absorption  of  salt  and  wa- 

1 9 

ter,  secretion  of  potassium  and  bicarbonate,  and  storage  of  feces.  Its 
role  in  the  digestion  and  absorption  of  foodstuffs  is  generally  thought 

to  be  negligible;  however,  the  colon  does  retain  the  ability  to  absorb 

45  3  112  57  4 

glucose,  amino  acids,  complex  proteins,  bile  salts,  oxalate, 

73  102  14 

medium  chain  triglycerides ,  calcium,  and  magnesium  to  varying 
extents.  Whether  or  not  the  colon  becomes  "intesti nal i zed"  and  signifi¬ 
cantly  absorbs  any  of  these  substances  after  massive  small  bowel  resec¬ 
tion  has  been  a  matter  of  conjecture  for  some  time. 
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The  colon  no  doubt  has  certain  moderating  effects  on  the  diarrhea 
18  72 

of  ileal  resection  and  celiac  sprue  and  in  this  sense  is  able  to 
adaptively  handle  an  increased  salt  and  fluid  load.  The  hypothesis 
that  the  colon  similarly  compensates  for  insufficient  small  bowel  di¬ 
gestion  and  absorption  has  not  been  adequately  tested.  One  preliminary 
study  of  glucose  and  amino  acid  transport  in  the  colon  of  enterectomi zed 
animals  found  no  difference  from  controls;  ^  however,  the  author  recog¬ 
nized  that  under  these  special  conditions  colonic  bacteria  may  play  an 
underestimated  role  in  breaking  down  undigested  foodstuffs  into  simple 
constituents  which  might  passively  diffuse  through  the  colonic  epitheli¬ 
um.  Absorption  using  this  pathway  would  not  have  been  measured  in  that 
experiment. 

Preservation  of  the  ileocecal  valve  during  small  bowel  resection  is 

associated  with  significant  improvements  in  fecal  net  weight,  fat  and 

2 

water  absorption,  and  post-operative  morbidity.  The  main  function  of 

47 

the  ileocecal  valve  is  to  slow  the  entrance  of  chyme  into  the  colon; 
however,  it  is  unclear  if  the  disasterous  consequences  of  valvectomy 
are  due  to  loss  of  the  valve  alone  or  to  the  frequent  concomitant  resec¬ 
tion  of  the  right  colon.  If  the  right  colon  is  "intestinalized"  after 
small  bowel  resection,  colectomy  would  remove  a  large  potential  absorp¬ 
tive  surface  from  the  remnant  gut.  The  effect  of  valvectomy  with  and 
without  hemicolectomy  has  not  been  studied,  so  the  mechanism  by  which 
the  ileocecal  valve  affects  absorption  remains  unclear. 

In  summary,  the  contribution  of  the  colon  to  functional  adaptation 
after  small  bowel  resection  is  largely  unknown.  However,  the  recent 
evidence  of  hyperplasia  and  the  present  description  of  ul trastructural 
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hypertrophy  suggest  that  an  increased  surface  area  is  generated  and 
might  be  available  for  the  increased  transport  of  fluids  and  possibly 
of  nutrients. 
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SUMMARY 

Biopsies  from  the  jejunum,  ileum,  and  colon  were  obtained  from  rats 
two  weeks  after  a  50%  midgut  small  bowel  resection  and  were  examined  un¬ 
der  light  and  electron  microscopy.  Villus  hypertrophy  was  evident  in 
the  jejunum  and  ileum,  but  no  histological  changes  were  seen  in  the  colon 
U1 trastructural  analysis  revealed  that  after  partial  enterectomy,  micro¬ 
villi  were  taller  in  the  ileum  and  in  the  colon,  but  other  potential  mar¬ 
kers  of  cellular  hypertrophy,  including  mitochondrial  volume  density, 
vesicle  volume  density,  ribosomal  index,  and  lateral  membrane  reduplica¬ 
tion  were  unchanged.  These  results  support  the  hypotheses  that  the  en¬ 
tire  gut  responds  adaptively  after  small  bowel  resection  and  that  cellu¬ 
lar  hypertrophy  contributes  to  functional  adaptation. 
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APPENDIX 

1.  Calculation  of  Mitochondrial  and  Vesicle  Volume  Densities 


MVD  and  VVD  describe  the  percentage  of  cytoplasm  volume  occupied 
by  mitochondria  and  vesicles  respectively.  The  Delesse  principle 
states  that  the  areal  density  of  profiles  on  section  equals  the 
volume  density  of  those  sectioned  quantities.  For  example,  the 
the  ratio  of  volume  of  mitochondria  to  the  volume  of  the  cyto¬ 
plasm  is,  on  the  average,  the  same  as  the  ratio  of  the  area 
of  the  mitochondria  to  the  area  of  the  cytoplasm  on  electron  mi¬ 
crographs  . 

The  simplest  method  for  measuring  areas  on  a  micrograph  is  point¬ 
counting  planimetry:  a  clear  acetate  grid  with  0.5  cm  by  0.5  cm 
squares  was  applied  to  each  8  in. by  10  in.  micrograph.  Line  inter¬ 
sections  on  the  grid  were  used  as  points;  the  number  of  points 
falling  in  the  cytoplasm  was  counted,  then  the  number  in  the  mito¬ 
chondria  and  in  the  vesicles.  The  ratios  of  the  latter  counts 
to  the  former  gives  MVD  and  VVD,  respectively. 

Means  for  each  animal  were  computed  and  then  used  to  calculate 
group  mean  and  S. E.M. 


2.  Ribosomal  Index 


Since  the  low  magnifications  used  in  this  study  made  identification 
of  individual  ribosomes  difficult,  stereologic  methods  could  not 
be  applied.  Instead,  each  micrograph  was  assigned  an  arbitrary 
score  for  the  density  of  ribosomes  according  to  this  scale: 

1 =none 
2= few 

3=moderate 

4=abundant 

Means  for  each  animal  were  computed  and  then  used  to  calculate 
group  mean  and  S.E.M. 


3.  Calculation  of  Lateral  Membrane  Folding  Index  (LMFI) 

A  discussion  of  the  Buffon  needle  problem  can  be  found  elsewhere ^ 
from  the  solution  of  the  problem  we  can  derive  an  equation  which 
enables  us  to  calculate  the  length  of  a  curved  line  (the  membrane 
profile)  by  counting  the  number  of  intersections  the  line  makes  with 
an  overlay  grid  of  parallel  lines  separated  oy  distance  D  (the  grid 
constant) : 

L  =  n  •7r/2  *  D 

where  L  equals  the  length  of  the  line,  n  equals  the  number  of 
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intersections,  and  D  is  the  grid  constant. 

To  make  the  measurement  more  accurate,  two  grids  were  used,  one 
with  "vertical"  parallel  lines,  the  other  with  "horizontal"  lines. 
The  average  was  taken  and  used  as  the  line  length: 

L  =  (n  '  n/2  '  D)  .  +  (n  '  77 /2  '  D), 
av  v  'vert  v  hor 


2 

=  (nv  +  vh)/2  *  (*/2  •  D) 


To  avoid  the  problem  of  calibrating  L  in  terms  of  microns,  which 
would  involve  dividing  L  by  the  magnification  factor  for  each 
photograph  and  would  intf^duce  an  error  factor,  the  point  to  point 
distance  "travelled"  by  the  membrane  line  was  measured  in  the  same 
units  as  D,  the  grid  constant  (centimeters),  and  L  divided  by 
this  value,  which  gives  the  LMFI:  av 


LI  IF  I  =  L  /  L 


av 


'pt-pt 


LMFI  is  a  ratio  of  the  actual  membrane  length  to  the  "net  travel" 
of  the  membrane  profile  on  the  micrograph  and  is  proportional  to 
the  amount  of  membrane  "folding." 


3 .  Calculation  of  Increased  Surface  Area  Secondary  to  Microvillus 

Hypertrophy 

Since  the  microvillus  width  and  density  were  unchanged  after  re¬ 
section,  we  need  only  examine  the  contribution  of  increased  micro¬ 
villus  height  to  surface  area;  we  may  also  arbitrarily  limit  the 
calculation  to  one  square  micron  of  luminal  cell  surface.  Con¬ 
sidering  microvilli  as  straight  cylinders: 

Total  Surface  Area  ? 

Per  Square  Micron  *  V  +  Total  surface  area  of  microvilli 
Of  Enterocyte  ? 

=  1  +  (#m v/jLf  '  2rrr  ’  microvilli  height) 

=  1  +  (3.14  *  mv  density  '  mv  height  *  mv  width) 

Substituting  values  from  Tables  V, VI, VII,  total  surface  areas  per 
square  micron  of  enterocyte  luminal  surface  for  ileum  and  colon 
before  and  after  resection  are  as  follows: 

2 

Control  ileum  55.05 
Resection  73.96// 2 


35%  Increase 
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Control  colon 
Resecti on 


18.95 ^  2 
26. 54^  2 


40%  Increase 


References  for  calculations  used  in  1-3  can  be  found  in  the  References 
section,  #103  and  #104. 
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Figure  1 :  Schematic  illustration  of  an  intestinal 
absorptive  cell  (from  Trier  and  Rubin,  1965). 


Figure  2:  Low  magnification  micrograph  of  villus  tip, 
rat  ileum.  Shown  are  dilated  intercellular  spaces  (ICS), 
microvilli  (MV),  basally  situated  nuclei  (N),  and  lamina 
propria  villus  core  (VC)  with  fibroblasts  and  eosinophils 
(dark  granules).  Two  small  venules  can  be  seen  in  the 
villus  core  with  erythrocytes  in  each  lumen.  (#12663, 
Mag:  2000  X) 


Figure  3:  Goblet  cells  discharging  contents  into  lumen 
of  colon.  Also  visible  are  folds  of  lateral  membrane 
of  intestinal  cell  (LM),  mitochondria  (M) ,  microvilli 
(MV),  and  intraepithelial  lymphocytes  (L).  (#12870, 

Mag:  8000  X) 


Figure  4:  Micrographs  of  jejunal  microvilli  at  the 
villus  tip.  A.  Controls.  Small  vesicles  are  dis¬ 
torting  the  normal  villus  structure.  B.  Two  weeks 
after  small  bowel  resection,  microvilli  are  approxi¬ 
mately  the  same  height.  (#12585,  #12721,  Mag:  18000  X) 


Figure  5:  Microvilli  of  intestinal  cells.  A.  Micro¬ 
graph  of  enterocytes  at  the  base  of  a  jejunal  villus. 
Mitochondria  are  prominent  and  the  lateral  membrane  is 
straight  and  punctuated  by  frequent  desmosomes.  Junc¬ 
tional  complexes  are  visible  at  the  apices  of  the  cells 
(#12542,  Mag:  4000X)  B.  Cross  section  of  microvilli 
of  intestinal  epithelial  cell.  Internal  filaments  are 
visible  in  microvilli  (upper  left)  and  as  they  enter 
apical  cytoplasm  to  integrate  with  terminal  web  (lower 
right).  (#12646,  Mag:  40000  X) 
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-Figure  6:  Microvilli  of  ileal  epithelial  cells. 

A.  Controls.  B.  Hypertrophied  microvilli  two 
weeks  after  50%  midgut  resection.  All  microaraphs 
taken  from  villus  tip.  (#12685,  #12564,  Mag:  6000  X) 


Figure  7 :  Colon  microvilli  and  apical  cytoplasm. 

A.  Control.  B.  Hypertrophied  microvilli  two 
weeks  after  50%  midgut  resection.  (#12858,  #12877, 
Mag:  10000  X) 


Figure  8:  "Microcrypts"  of  ileal  villi.  A.  Hyper¬ 
trophy  of  microvilli.  Junctional  complex  and  inter¬ 
locking  processes  of  the  lateral  membranes  of  adjacent 
cells  are  well  demonstrated.  (#12577,  Mag:  14000  X) 

B.  Multiple  vesicles  between  microvilli.  Vesicles 
are  being  formed  or  discharged  into  lumen  at  bases  of 
the  microvilli.  (#12557,  Mag:  16000  X) 


Figure  9:  Single  vesicles  and  multi  vesicular  bodies 
in  the  colon  epithelium.  The  junctional  complex,  di¬ 
lated  intercellular  spaces,  and  the  predominantly 
vertical  orientation  of  lateral  membrane  folding  are 
also  well  demonstrated.  (#12867,  Mag:  8000  X) 


Figure  10:  Lateral  membrane  of  intestinal  cells. 

A.  Straight  lateral  membrane  of  immature  cell  at  the 
base  of  a  jejunal  villus.  (#12606,  Mag:  4000  X) 

B.  Lateral  membrane  of  ileal  enterocyte  from  villus 
tip;  folds  are  extensive  and  intercellular  spaces  di¬ 
lated  (#12662,  Mag:  10000  X) 


Figure  11 :  Lateral  membranes  of  the  intestinal  cell. 
A.  Mature  colon  enterocytes  with  extensive  folding  of 
lateral  membrane;  folds  tend  to  orient  in  a  vertical 
direction  (#12868,  Mag:  8000  X)  B.  Clustering  of 
mitochondria  around  the  site  of  membrane  reduplica¬ 
tion  in  an  ileal  cell.  (#12650,  Mag:  10000  X) 
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